Supported by analytical considerations and experimental verification, we demonstrate that thermionic electron current under partial space-charge condition follows the threehalves power Child-Langmuir law with a proportionality coefficient, j, that is material dependent and characterizes the emitter unambiguously. Such a partial space-charge regime has been assessed through experiments on parallel plane diodes with borondoped diamond films (with four different B/C ratios) as electron emitters at temperature of 1000 K. All current measurements have indicated a 3/2-power relationship on voltage but with distinct, material dependent coefficients j that were found to decrease with the work function of the samples tested.
I. Introduction
The characteristics of diodes under conditions of complete space charge were calculated long time ago [1] [2] , and yet such a classical subject still remains as a source of refinement studies regularly appearing in the recent years [3] [4] [5] [6] [7] . In this regime, in which the space charge density is so high that the electric field at the cathode becomes zero, the emission current depends on the geometrical arrangement as well as on the applied potential, but not on the emission capabilities of the emitter. If the available emission, however, falls below the space charge limit, the current becomes dependent on the emission properties of the cathode as we shall see later on. It is this case which we refer to as the partial space charge condition, or the emission-limited condition. In many applications as in nanoemiters operating in the Schottky regime (in which the potential barrier at the emitter surface is lowered significantly by the cathode electric field) knowledge of the field actually existing at the cathode turns out necessary [8].
2
To investigate the partial space charge regime, we have performed experiments on a set of parallel plane diodes with the cathodes consisting of diamond films doped with boron at boron/carbon rations of 4,000, 8,000, 12,000, 20,000ppm. In the experiments, each cathode is heated up to 1000 K to produce thermal electrons and subjected to voltages in the 50-1000 V range.
Supported by analytical considerations, our results indicate that the measured currentvoltage characteristics follow the three-halves power Child-Langmuir law with a proportionality parameter that unambiguously identify each emitter tested. Unlike the space-charge-limited operation in which the current (irrespective of the emitter material) depends only on the applied voltage [9] , in the observed regime of limited emission the current becomes material dependent, thereby rendering this regime useful at characterizing electron-emitting materials.
II. Planar Diode under Emission-Limited Condition
The following discussion is restricted to an infinite parallel-plane where the emitter is 
where is charge density (negative in value for electrons) and o the electric constant (formally called the permittivity of free space). Closing the set of equations, we use the relationship that defines the electron current density
Combining (1) and (3) (5) where V is the potential taken at the anode position x=d. Now defining the normalized is the space-charge-limited current density, then (5) reduces to the quadratic equation
Thus when f=0, (8) gives j=1 which from (6b) recovers the Child law [1] for the planar diode, and therefore, the normalized current density j = 1 or its ajoint field parameter f = 0 fully characterizes all space-charge-limited diodes. By contrast, in the other limit at f = 1, i. e., the electric field at the cathode is the vacuum field V/d itself, the associate root is j = 0, meaning that there exists no space charge in the diode region. The general relationship j(f) between the cathode electric field and the normalized current j is plotted in Fig. 1 . We see that the field decreases faster for currents close to complete space charge limitation. In fact, a 10 percent reduction of current from its saturation value (in which the electron field at the cathode is depressed to zero due to space charge) causes the emitter field to increase to about 25 percent of its value in the absence of space 4 charge, whereas at j = 1/2 (one-half of the saturation value) the field has decreased to only two-third of its vacuum-field value.
Thus we may conclude that even operating under partial space charge conditions, the diode current still scales with the three-halves power of the collector voltage, with the dependence of the cathode field on the current being given by (8) where the variable j quantifies the magnitude of the space-charge effects as will be discussed in the next section.
Fig. 1. Cathode electric field as function of current density (normalized quantities)

III. Experiment
The diamond films were grown on monocrystalline silicon (111) by hot filament CVD in a 10-cm-diameter, 30 cm long cylindrical quartz reactor [10] . Boron was introduced into the reactor by flowing hydrogen through the B 2 O 3 methanol solution. The substrates had been scratched by a diamond paste (grain size of 1 m) to improve the nucleation of the diamond films, with growth parameters as listed in Table 1 . The setup shown in The circular cathode (of radius 10 mm) was indirectly heated (at 1000 K) by a coiled tungsten filament closely placed to the silicon substrate with the anode being polarized 6 by a 2 kV/0.1A DC power supply and spaced d=1 mm apart from the cathode. A highsensitivity electrometer (able to detect currents as low as 10 -13 A) was used to measure the emission current upon increasing the anode voltage in steps of 50 V.
Current-voltage measurements at 1000 K together with 3/2-power fitting curves are given in Fig. 3 , where the experimental data follow the corresponding curve until their level off and saturate with voltage. We note that the measured currents are far below the level of currents emitter under complete space-charge limitation as predicted by Child's law (Fig. 4) , which is associated with the proportionality coefficient j = 4/9. Instead, a diode operating under partial space-charge conditions is characterized by its own j coefficient that identifies each cathode tested. To confirm this finding, we have Table 2 . We note that j decreases with work function, and so this behavior suggests that thermionic emission in the partial space-charge regime is material dependent. Therefore the experimental results indicate that under partial space-charge regime a given electron-emitting material can be identified by its current coefficient j, which thus becomes a useful parameter for materials characterization as far as electron emission properties are concerned.
